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ABSTRACT 
 
Hoang, Huong Lan M.S., Department of Chemistry, Wright State University, 2013. 
Hydroquinone-based Poly(arylene ether)s with Pendent Benzothiazole or Benzoxazole 
and 3-sulfonated Phenyl Sulfonyl Groups for Use as Proton Exchange Membranes 
 
 A series of hydroquinone-based poly(arylene ether) copolymers, with truly 
pendent sulfonated phenyl sulfonyl groups and either benzothiazole or benzoxazole 
groups was synthesized for use as proton exchange membranes (PEM). Two 
homopolymers series, benzothiazole and benzoxazole based, were prepared via meta 
activated nucleophilic aromatic substitution polycondensation reactions. Two copolymer 
series of N-heterocyclic and sulfonated phenyl sulfonyl groups were synthesized via a 
similar method. The ratio of 3,5-difluoro-3’-sulfonated diphenylsulfone to 2-[3,5-bis-(4-
hydroxyphenoxy)]benzothiazole or 2-[3,5-bis-(4-hydroxyphenoxy)]benzoxaole was 
varied to afford ion-exchange capacities ranging from 0.60 to 1.39 meq and 0.62 to 1.42 
meq, respectively. Polymers were characterized by gel permeation chromatography 
(GPC), 13C NMR spectroscopy, thermogravimetric analysis (TGA), and differential 
scanning calorimetry (DSC). The copolymers displayed low water uptake values, 
moderate glass transition temperatures (>175 ºC), and excellent thermal stability in 
excess of 285 ºC. These materials are promising candidates for use as proton exchange 
membranes under low relative humidity conditions. 
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1.  INTRODUCTION 
1.1  Alternative Energy Sources 
 Over the past fifty years, global carbon emissions from fossil fuels have 
significantly risen. Emissions have increased over 13 times between 1900 and 2008 from 
about 2,500 teragrams of carbon dioxide emissions to over 34,000 teragrams. 1 Between 
1990 and 2008, carbon dioxide emissions have increased about 150%. 2 The United States 
is the second leading carbon dioxide emitting country producing 19% of emissions from 
fossil fuel combustion and industrial processes associated with human activities. 1 Fossil 
fuel use is the leading cause of greenhouse gas emissions. Greenhouse emissions are a 
type of pollution that trap heat at the Earth’s surface. They have also been shown to 
contribute to the depletion of the ozone, which allows for harmful UV rays to pass 
through the atmosphere. 3 With the ever-increasing use of fossil fuels, a non-renewable 
energy source, the supplies are quickly diminishing yet their destructive effects are 
intensifying resulting in a need for an alternative fuel source. The U.S. Energy 
Information Administration reported that renewable alternative energy sources, including 
hydroelectric power, geothermal, solar, wind, and biomass accounted for only 9% of the 
total energy production in 2006. 4  
 Every day, new examples highlight the emergent mainstreaming of clean 
renewable technology.  There are numerous organizations on the academic, industrial, 
and federal level investing in research and advancing in the field of renewable energy. On 
April 15, 2009, the U.S. Department of Energy announced $41.6 million in funding, as 
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part of the Recovery Act to accelerate the commercialization and deployment of fuel 
cells. Fuel cells can provide energy in the form of auxiliary power, backup power, 
portable power, transportation needs, and residential and commercial uses. 5 
1.2  Types of Fuel Cells 
 Fuel cells are electrochemical devices that convert the chemical energy of fuels 
directly to electricity. 6 Their classifications are based on the type of fuel consumed and 
the type of electrolyte employed in the cell. The following are the most developed and 
researched fuel cells: polymer electrolyte membrane fuel cells (PEMFCs), alkaline fuel 
cells (AFCs), phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs), 
solid oxide fuel cells (SOFCs), and regenerative fuel cells (RFCs). 7 
 PEMFCs have the potential to replace internal combustion engines in vehicles and 
provide power in stationary and portable devices due to their high efficiency and low 
operating temperatures. Compared to combustion engines, which average 30% output 
efficiencies, PEMFCs are twice as capable. The U.S. Department of Energy reports 
output efficiencies of 60% for transportation and 35% for stationary uses for PEMFCs. 7 
They are ideal candidates for portable electronics and stationary devices due to their 
relatively small size, light-weight, and low operational temperatures, ranging from 50 – 
185 ºC, allowing for quick start-up of devices. 7,8 Since PEMFCs, theoretically, can be 
used as long there is a fuel source available, they provide an advantage to typical batteries 
that have one solid metal electrode that is slowly consumed and depleted over time, as 
electricity is produced. 9 
 Hydrogen is the most common fuel source for PEMFCs. 8 For transportation 
purposes, hydrogen is the prominent renewable fuel due its natural abundance and lack of 
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emissions of greenhouse gases and pollutants during use. 7,8 There are over 20 different 
hydrogen fuel cell automobile prototypes and demonstration models that have been 
released since 2009. 10 There are also over 100 fuel cell buses deployed around the world 
today. Fuel cells are also currently providing power for forklifts, motorcycles, and boats.  
PEMFCs are a promising technology to replace the internal combustion engine in 
vehicles, which would decrease greenhouse gas emissions as well as reduce our 
dependence on fossil fuels. 8  
1.3  Proton Exchange Membrane Fuel Cells (PEMFCs) 
 All fuel cells are comprised of three parts: the electrolyte, an anode, and a 
cathode. In PEMFCs, the electrolyte is a solid polymer membrane separating the anode 
from the cathode while conducting protons across the barrier. A schematic for a typical 
hydrogen fuel cell is shown in Figure 1. 
 
Figure 1. Schematic for the operation of a PEMFC. 
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 As hydrogen gas flows over the anode it is oxidized causing the protons and 
electrons to split. The electrolyte is only permeable to protons thus facilitating their 
movement toward the cathode. The electrons flow through an external circuit and provide 
power. At the cathode, oxygen from the atmosphere is reduced and reacts with hydrogen 
ions producing water, which flows out of the cell as the only byproduct, making it the 
ideal environmentally friendly form of energy. The reactions occurring at the electrodes 
are as follows: 
 Anode:  2 H2  4 H+ + 4 e- 
 Cathode:  O2 + 4 H+ + 4 e-  2 H2O 
 Net Reaction:  2 H2 + O2  2 H2O + energy 
PEMFCs typically operate around a temperature of 80 ºC. At this low temperature the 
electrochemical reactions would normally occur very slowly, so a thin layer of platinum 
on each electrode catalyzes the reactions. The polymer membrane also provides a barrier 
to prevent fuel crossover between the two electrodes. This is critical at high temperatures 
to prevent the permeation of carbon monoxide, an impurity byproduct created during the 
production of hydrogen gas, which may poison the platinum catalysts.  
1.4  Challenges for Improved Performance of PEM Fuel Cells 
 PEM fuel cells have three main applications: transportation, stationary, and 
portable power. For all these applications, there are several requirements that are critical 
for high performance including: high proton conductivity, excellent resistance to 
hydrolysis and oxidation, low fuel crossover permeability, high thermal stability, low 
water uptake and minimal dimensional swelling, good mechanical properties under both 
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hydrated and dry environments, the capability for fabrication into membrane electrode 
assemblies (MEA), and low cost.  
 Long-term oxidative and hydrolytic stability is important considering the 
membrane is exposed to both chemical processes simultaneously in a MEA. Low fuel 
crossover permeability is vital to ensure minimal poisoning of the catalyst, which is more 
prevalent at elevated temperatures. Mechanical robustness at elevated temperatures is 
desired for long term-use. The thermal oxidative stability of the polymer is evaluated by 
analyzing a 5% weight degradation temperature, Td5%. A glass transition temperature, Tg, 
above 120 ºC is considered desirable for the membrane to retain its integrity during use.  
It is also vital for the membrane to be robust under low and high humidity conditions. To 
be viable for commercial use, it is paramount for a new PEM material to display high 
proton conductivity and to be commercially competitive against existing PEM materials; 
the synthesis of the MEA has to be cost efficient.  
 Currently, high temperature PEMFCs (HT-PEMFCs) are at the forefront of 
further research and development due to several advantages associated with high 
temperature operation. The term “high temperature” refers to the temperature range of 
100 - 200 ºC. During elevated temperature operations, CO catalyst poisoning is less likely 
to occur and is almost negligible by 140 ºC. 11 Humidification can be minimized during 
high temperature operations while still obtaining high proton conductivity, leading to 
another advantage of HT-PEMFCs allowing for decreased issues with water 
management. There is also a potential cost decrease resulting from the reduction of the 
loading level of the electro-chemical catalyst used, typically platinum or palladium, both 
of which are expensive catalysts. 
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1.5  A Balancing Act Between Ion Exchange Capacity and Water Uptake 
 The degree of hydration is a principal factor that governs proton conductivity in a 
polymeric membrane. Water uptake (WU) plays an essential role in the performance of 
PEMs. 12,13 Typically in polymeric materials, water is used to facilitate proton 
conductivity through hydrogen bonding. However, too much absorbed water can have 
negative effects on the mechanical properties of the membrane, such as dimensional 
swelling that could lead to induced stress between the membrane and the electrodes. That 
stress has the potential to cause infrastructure damage to the MEA resulting in cell 
flooding and low ionic resistance leading to a significant drop in energy output. 
Conversely, too little water will result in drying out of the membrane thus decreasing 
proton mobility and decreasing energy output. 12  
 Water uptake depends largely on the concentration of ion conducting units, 
typically a sulfonic acid, incorporated into the polymer. The equivalent weight (EW) 
expresses the grams of dry polymer per molar equivalents of ion conductors: 
EW g
equiv.
!
"
#
$
%
&=
MWrepeat unit
g
mol
!
"
#
$
%
&
molesacid
mol
equiv.
!
"
#
$
%
&
 
Equation 1. Equivalent Weight (EW)  
EW is used to determine the ion exchange capacity (IEC), a critical property in the 
characterization of PEMs. IEC is the milliequivalent of ion conductors present in each 
gram of dried polymer: 
IEC mequiv.
g
!
"
#
$
%
&=
1
EW g
equiv.
!
"
#
$
%
&
×1000  
Equation 2. Ion Exchange Capacity (IEC) 
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The IEC of a polymer can be varied to control water uptake and proton conductivity. 
High IEC typically correlates with increased conductivity, however it also results in an 
increase in WU.  Too many acid groups in the polymer can lead to excessive swelling 
under hydrated conditions. While it is desirable to maximize proton conductivity, it is 
imperative to retain the mechanical integrity of the membrane. Finding a balance between 
IEC and WU to achieve optimal proton conductivity while maintaining membrane 
durability becomes the challenge of synthesizing the optimum PEM.   
 Characterizing polymers by standardized methods helps establish their potential 
to be used as an electrolyte membrane. IEC, WU, and proton conductivity are the basic 
level of identification for membranes under a range of operational conditions for 
comparison to standard commercially available Nafion® materials. Molecular weight, 
chemical composition, thermal stability, morphology, and mechanical behavior are other 
essential analyses used to determine the potential for PEMFC use.   
1.6  Nafion® 
 The most widely used PEM is DuPont’s Nafion,® a highly fluorinated polymer 
bearing pendent perfluoro sulfonic acids. This material possesses exceptional proton 
conductivity along with moderately low water uptake. Nafion® membranes are highly 
acidic due to the presence of perfluorosulfonic acid groups which possess an extremely 
low pKa of -3.09, giving rise to excellent proton conductivity (90-120 mS/cm at a range 
of 34-100% RH).  
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Figure 2. General chemical structure of Nafion®. 
  Currently, Nafion® based polymers and Nafion® composite system membranes 
are used in nearly all commercially available fuel cells. 12,13 Nafion’s® 
poly(perfluorosulfonic acid) structure is highly resistive to oxidation and is chemically 
stable making it an industrial standard material. However, there are several drawbacks 
with the Nafion® membranes. These include high cost (~$800/m2), high fuel crossover at 
elevated temperatures, low conductivity at low relative humidity (RH) (<50%) and at 
high temperature (>80 ºC). Due to the low glass transition temperature of Nafion®, 
maximum operational temperatures for these PEMFCs only approach ~100 ºC, which 
limits their development for use as high temperature PEMs. 14 
 Nafion® is recognized for its proficiency to have high proton conductivity while 
maintaining moderately low water uptake. This is due to Nafion’s® ability to microphase 
separate. The Teflon backbone of Nafion® is quite hydrophobic and the perfluorosulfonic 
acid groups are hydrophilic allowing for the formation of channels. 15 Small-angle X-ray 
scattering (SAXS) analysis has shown ~2.4 nm-diameter water channels lined with 
hydrophobic side groups. 16 Transmission electron microscopy (TEM) images have also 
shown the microphase separation as variations in the light and dark regions of the scan. 15 
Microphase separation occurs due to the dissimilar components in the polymer and their 
immiscibility in one another. In Nafion’s® case, the hydrophobic domains of the polymer 
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backbone surround the hydrophilic acid ends and form essentially a reverse micelle. 
These channels allow for protons to move rapidly though the membrane. Maintaining a 
relatively low incorporation of acid moiety per gram of polymer limits swelling caused 
by water uptake. Nafion’s® IEC value is 0.91 mequiv./g, relatively low, yet its high 
proton conductivity can be explained by the formation of these domains in combination 
with the highly acidic nature of the sulfonic acid sites, facilitating ion movement. 17 
1.7  Alternative Materials 
 The need for high performance and low cost alternative materials to Nafion® has 
steered research toward the utilization of many aromatic polymers, such as poly(ether 
ether ketone)s (PEEK), poly(benzimidazole)s (PBI), poly(ether imide)s (PEI), 
polysulfones (PSF), poly(aryl ether nitrile), poly(aryl ether ketone)s (PAEK), 
polyphenylene oxides (PPO)s, and polyphosphazenes, to name a few. For a multitude of 
reasons, one of the most promising systems for PEMs is poly(arylene ether)s (PAEs). 
PAEs are high-performance engineering thermoplastics with numerous industrial 
applications, including the aerospace, automotive, and electrical industries. These 
materials are known for their high thermal stability, mechanical robustness, excellent 
resistance to hydrolysis and oxidation, and low fuel crossover. 11 These systems are 
sought after due to their wide variety of chemical compositions, high mechanical 
strength, chemical stability, and good film forming properties, as well as being relatively 
cost efficient relative to Nafion®. PAEs can be readily functionalized with several ionic 
conducting moieties either directly onto the backbone of the polymer or on a pendent 
group. 11,18-20 The versatility and ability to tailor the physical properties of these systems 
make them attractive for designing the optimal PEM.  
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1.8  Types of Conducting Groups 
 There are three main types of proton conducting groups that have been 
incorporated into polymer systems for PEMFC applications including: sulfonic acids, 
phosphonic acids, and carboxylic acids. Figure 3 is a comparison of polystyrene with 
sulfonic, phosphonic, and carboxylic acid groups attached to the phenyl ring pendent to 
the backbone. Acids are ideal for ion mobility due to their low affinity for protons, thus 
allowing for the transport of protons from one acid group to the next with minimal energy 
barriers. Therefore acids with decreased pKa values should increase proton mobility. 
Sulfonic acid has the lowest pKa (-1.5) of the three moieties mentioned and exhibits the 
highest mobility of protons.  The type of acid incorporated into a PEM depends on the 
operating temperature and relative humidity (RH) during fuel cell operation. Phosphonic 
acids have a higher pKa (2.15 and 7.66 for pKa1 and pKa2, respectively) 21 than sulfonic 
acids, but have been shown to display better proton conductivity at high temperatures and 
under low RH conditions. 22  
 
Figure 3. pKa comparison of sulfonic, phosphonic, and carboxylic acid derivatives of 
polystyrene. 
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1.9  Sulfonated Poly(arylene ether sulfone)s (sPAES) 
 When sulfonic acids are introduced into a PAE system, they gain the ability to 
conduct protons and potentially be used in a PEMFC. There are two routes to 
synthesizing sulfonated poly(arylene ether sulfone)s, post-modification of the polymer or 
pre-modification of the monomeric unit (Figure 4). In either case the acid group is 
introduced via electrophilic substitution reactions using concentrated sulfuric acid, 
fuming sulfuric acid, or chlorosulfonic acid. 23 
 The post-modification method has several limitations including: 1) a lack of 
control in the degree of sulfonation, as well as the location of sulfonic groups, 2) the 
possibility of side reactions, and 3) possible degradation of the polymer under the harsh 
conditions required for sulfonation. 13,19,24 To avoid the restrictions associated with post-
modification, pre-sulfonation of the monomer prior to polymerization has also been 
utilized. 
 In the case of pre-modification, monomers are functionalized with the acid group 
then go through the polymerization process. Pre-modification requires some addition 
synthetic steps compared to “post”, but this method is able to overcome the 
aforementioned difficulties. The advantages to “pre” include: 1) easily controllable 
degree of sulfonation by influencing the ratio of monomers incorporated into the polymer 
and 2) control over the location of sulfonation. However, this route is limited to the acid 
moiety’s ability to survive polymerization conditions. 
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Figure 4. Introduction of functional groups by “pre” and “post” modification. 
 Post-modification involves the initial synthesis of the polymer followed by the 
addition of the sulfonic acid. The electrophilic substitution reactions (EAS) typically take 
place on the electron rich rings with the activated site being the ortho positions to the 
aromatic ether groups of the polymer. These sites are most attractive to EAS due to the 
electron-donating effect of the oxygen atoms, creating a more electron-rich character to 
the arylene ether segments. 19,24  
 
Figure 5. Post-modification of poly(arylene ether sulfone) (PSF). 
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 Genova-Dimitrove et al. did a comparative study on the most likely locations of 
sulfonic acid attachment in post-sulfonation of poly(arylene ether sulfone), as shown in 
Figure 5. 24 They stated that when using a strong sulfonating agent, such as chlorosulfonic 
acid, chain cleavages were observed as indicated by viscometric measurements. When 
using a milder sulfonating agent polymer degradation and side reactions were avoided. 
However, a decreased reaction rate and low sulfonation efficiency were observed (only 
68% of theoretical yield of degree of sulfonation). 24 
 Wang et al. introduced a new route to sPAES by implementing a pre-modification 
method. Wang et al. used a sulfonated monomer, 3,3’-disulfonated 4,4’-dichlorodiphenyl 
sulfone (SDCDPS), directly in a polymerization with dichloro diphenyl sulfone (DCDPS) 
and 4,4’-biphenol. The “pre” method of PAES allowed for the control of the sulfonation 
location and level. 25  
 
Figure 6. Comparison of location of sulfonation based on “pre” or “post” modification 
from Wang et al. 25 
 
 Wang et al, controlled the location of sulfonation by placing two sulfonic acid 
groups on the electron poor ring achieved only through pre-modification. Since sulfonyl 
groups are meta-directors, the sulfonic acids were added in the meta position in the 
monomer unit during the sulfonation of DCDPS. This strategy determined the location of 
the sulfonic acid when incorporated into the polymer. Via post-sulfonation, the acid 
groups are incorporated into the electron rich ring in the ortho position to the aromatic 
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ether groups of the polymer, as predicted by Genova-Dimitrove et al. 24 According to 
Wang et al., the effect of sulfonation on the deactivated sites of the repeat unit enhanced 
the stability and, modestly, increased the acidity due to strong electron-withdrawing 
effects by the sulfone group. 25 Pre-modification also allowed for a more precise level of 
sulfonation by simply varying the feed ratios of the sulfonated to unsulfonated monomer. 
By being able to tailor the amount of sulfonic acids, IEC values can be controlled to 
manipulate various polymer properties, such as WU, backbone stiffness, and proton 
conductivity.  
1.10  Heterocyclic species in PAEs 
 Nafion® demonstrates excellent fuel cell performance below 80 ºC under high RH 
conditions. However, the proton conductivity deteriorates rapidly at temperatures above 
80 ºC or under low RH (<50%). The development of PEMs to operate well at elevated 
temperatures as well as under low RH conditions is strongly desired. Polybenzimidazoles 
(PBI) have shown inherently higher proton conductivity under low humidity conditions. 
26 It is suggested that their basic nature promotes interactions with the acid moieties, 
rather than relying on the presence of water for proton movement. Therefore even under 
low RH, proton mobility is still present. 27 Polybenzoxazoles (PBOs) and 
polybenzothiazoles (PBTs) are two other types of heterocyclic polymers that display even 
higher thermal stability and better tensile properties than PBIs. 28,29 
 Li et al. demonstrated the high thermal stability, good film casting properties, and 
improved conductivity under low RH of sulfonated poly(benzoxazole ether ketone)s. 30 
As shown in Table 1, all SPAEKBO copolymers displayed high Td5% values and 
relatively low WU, both important properties to have for high temperature operations. 
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Figure 7. Sulfonated poly(benzoxazole ether ketone)s (SPAEKBO) copolymer. 
Table 1. Properties of sulfonated poly(benzoxazole ether ketone)s (SPAEKBO) 
membranes. 30 
Copolymer IEC (meq/g) 
Td5% 
(ºC) 
% WU 
(at 30 ºC) 
Conductivity (x10-2 S/cm) 
80 ºC  
95% RH 
120 ºC, 
unhumidified 
SPAEKBO-60 1.59 326 30.2 6.7 0.076 
SPAEKBO-50 1.29 339 25.5 4.9 0.23 
SPAEKBO-40 1.01 337 12.3 3.3 0.69 
SPAEKBO-30 0.74 338 7.5 2.6 1.1 
SPAEKBO-20 0.48 333 4.8 2.0 1.4 
SPAEKBO-10 0.18 548 1.5 1.6 1.8 
   
Most notable, however, is the trend associated with the percent composition of 
heterocyclic species and the proton conductivity at unhumidified conditions. 30 As the 
heterocyclic composition of the polymer increases (decrease in IEC), the proton 
conductivity is increased. These properties show desirable characteristics that 
heterocyclic sPAE systems can be tailored for PEMFCs at high temperature and low 
humidity.  
 It is suggested by Xing and Kerres that when heterocyclic species are complexed 
with very strong acids, the membrane can have increased interactions with protons thus 
improved conductivity can be maintained during low RH conditions. 31  
1.11  Pendent vs. Backbone 
 It is known that Nafion® has an exceptional ability to microphase separate to form 
distinct water channels that allow for increased proton conductivity. 17 To further exploit 
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this unique capability, it is important to consider the structural characteristics that lead to 
phase separation. Nafion® contains an ion conducting moiety that is not directly attached 
to the backbone. This creates two different domains, hydrophobic and hydrophilic, that 
encourage the formation of reverse micelles. A study by Ma et al. observed that for 
polymers with equal IEC values, those that contained longer side chains exhibited better 
conductivity. 32 To mimic this property, pendent functionalization is incorporated into the 
polymer.  A comparison of the pendent vs. backbone copolymers with similar degree of 
sulfonation (% DS) reveals the structural effects on several critical properties. Harrison 
and Li et al. reported bisphenol AF based poly(arylene ether sulfone) copolymers with 
backbone and pendent functionalization, respectively, as shown in Figure 8. 33,34 
 
Figure 8. Bisphenol AF based copolymer systems with either backbone 33 or pendent 34 
functionalization.  
  The backbone system, for similar IEC, yielded slightly higher conductivity than 
for the pendent system. For IEC of 1.5, conductivity was 80 mS/cm for the backbone 
system 33 and IEC of 1.64, conductivity was 75 mS/cm for the pendent system. 34 Despite 
the slightly lower conductivity value, the pendent system offers two distinct advantages. 
First, the Td5% values for the pendent system were consistently >50 ºC greater than the 
backbone system. 23,33 Secondly, the pendent systems had the ability to incorporate a 
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higher percentage of sulfonic acid groups while still remaining insoluble in water, a 
desirable feature for PEM candidates. 23,33 
 A previous study from our group also confirmed the advantages of the pendent 
system. Poly(arylene ether)s carrying pendent (3-sulfonated) phenylsulfonyl groups were 
directly compared to their backbone counterparts with similar IEC values. Figure 9 shows 
two structures, one with the sulfonic acid moieties attached directly to the backbone of 
the polymer and the other structure shows a polymer system with the sulfonic acid groups 
existing pendent to the polymer backbone. The advantages of the pendent system are 
displayed in Figure 10, which is a direct comparison of (a) WU (%) vs. IEC (meq./g) and 
(b) conductivity (mS/cm) vs. WU (%). 
 
Figure 9. Structures of sPAES carrying backbone 23 and pendent 35 sulfonyl groups.  
 
Figure 10. Influence of pendent vs. backbone acid location on (a) WU relative to IEC 
and (b) proton conductivity relative to WU. Data for backbone polymers taken from 
Wang et al. 23  
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Lower water uptake was consistently observed in the pendent system compared to 
the backbone throughout the complete IEC range evaluated. Improved conductivity in the 
pendent system is also observed while still maintaining low water uptake. 35 A more 
dramatic difference was observed when the conductivity observed at a specific water 
uptake value was compared.  This is probably due, in part, to the accessibility of the acid 
group and the enhanced acidity of the sulfonic acid when present on an electron poor 
ring.34 
 In addition, pendent systems have been shown to have better hydrolytic and 
oxidative stabilities compared to systems with sulfonic acids directly on the backbone. 
32,36,37 Generally, degradation takes place at the ether bonds in the backbones of aromatic 
polymers. 36 When sulfonic acid groups are ortho to the aromatic ether bond, in the 
backbone, hydrolytic and oxidative stabilities of the polymer are decreased. 36,37 
According to a comparative study by Tian et al., a pendent sulfonated poly(arylene ether) 
system showed more hydrolytic and oxidative stability compared to a backbone 
sulfonated poly(arylene ether) system. 37 
 By the addition of a sulfonic acid group pendent to the backbone, the stability of 
the polymer can be improved while also enhancing mechanical strength, thermal stability, 
and even proton conductivity. 36,37  
1.12  Current Work 
 This current project seeks to implement several strategies that have been shown to 
improve membrane function for PEMFCs over a wide range of operating conditions. The 
drawbacks to Nafion® include low conductivity under relatively low humidity conditions, 
poor performance at temperatures above 80 ºC, high fuel crossover, and high cost. The 
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goal of this project is to design potential candidates for PEMFCs that aren’t restricted by 
Nafion’s® limitations.   
 A series of hydroquinone-based poly(arylene ether) copolymers, with truly 
pendent sulfonated phenylsulfonyl and either benzothiazole or benzoxazole groups, were 
prepared via meta activated nucleophilic aromatic substitution polycondensation 
reactions. As a first step the preparation of pendent N-heterocyclic containing PAEs was 
explored (Figure 11). 
 
Figure 11. Series of N-heterocyclic containing poly(arylene ether)s. 
 Heterocyclic polymers have shown excellent thermal-chemical stability and good 
mechanical properties. Their most remarkable advantage is increased proton conductivity 
under low humidity conditions, a major shortcoming for Nafion®. 
 Several studies have indicated that incorporating the sulfonic acid group pendent 
to the backbone provides several advantages in terms of accessibility, ability to adopt 
various morphologies, and increased hydrolytic stability. 19,25,36,37 
Ar = a
CF3
CF3
b c
O
d e f
N X
F O Ar O H
n
X = S, (4a-f)O, (5a-f)
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Figure 12. Direct comparison of pendent vs. backbone sulfonation. 
  Figure 12 displays several advantages that the pendent system possesses over the 
backbone system. Our group’s previous study on this truly pendent system showed 
improved proton conductivity and lower WU compared with the corresponding sPAES in 
which the conducting group resides directly on the backbone. 33,38 The electron donating 
nature of an oxygen atom ortho to the sulfonic also modestly decreases the acidity of the 
sulfonic acid, increasing proton affinity, thus reducing proton mobility. In the backbone 
system a sulfonic acid residing ortho to an aryl ether bond is more susceptible to 
degradation than the pendent system. 37 Superior hydrolytic and oxidative stabilities are 
obtained because the ether bonds are not adjacent to the sulfonic acid groups in our 
pendent system. The accessibility of the ion conducting acid moiety is also increased in a 
truly pendent position, thus allowing for improved proton mobility. In the backbone 
system, the acid moieties are relatively sterically hindered.38 By simply incorporating the 
ion conducting moiety in a truly pendent position to the backbone several properties of 
the entire system are improved to increase proton conductivity. 
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 To improve proton conductivity under low RH, the incorporation of heterocylic 
species will be utilized to increase proton mobility when water, typically used to facilitate 
movement, is absent in the system.22 The incorporation of both moieties in the pendent 
position should allow for synergistic interactions between the acid and heterocycle to 
enhance proton conductivity at low relative humidity conditions. 
 
Figure 13. Proton interaction between sulfonic acid and benzothiazole moiety.  
 By adjusting the copolymer composition, we should be able to tailor the 
properties to improve low humidity conductivity and lower the water uptake. The 
preparation of sPAES systems with pendent sulfonic acid groups and either benzothiazole 
or benzoxazole groups will be carried out and the materials will be fully characterized. 
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2.  EXPERIMENTAL 
2.1  Instrumentation 
 1H and 13C Nuclear Magnetic Resonance (NMR) spectra were acquired using a 
Bruker AVANCE 300 MHz instrument operating at 300 and 75.5 MHz, respectively. 19F 
NMR spectra were obtained using a Bruker Avance 400 MHz instrument operating at 
376.5 MHz using 10% CFCl3 as an external standard with the instrument set relative to 
the lock signal.  Samples were dissolved in an appropriate deuterated solvent (DMSO-d6 
or CDCl3) at a concentration of  (~ 30 mg / 0.7 mL). GC/MS analyses were performed 
using a Hewlett-Packard (HP) 6890 Series GC and a HP 5973 Mass Selective 
Detector/Quadrupole system. DSC and TGA analysis were carried out on TA Instruments 
DSC Q200 (under nitrogen) and TGA Q500 (under nitrogen or air), respectively, at a 
heating rate of 10 ºC/ min.  Size Exclusion Chromatography (SEC) analysis was 
performed using a system consisting of a Viscotek Model 270 Dual Detector (viscometer 
and light scattering) and a Viscotek Model VE3580 refractive index detector.  Two 
Polymer Laboratories 5 µm PL gel Mixed C columns (heated to 35 ºC) were used with 
tetrahydrofuran/5% (v/v) acetic acid as the eluent and a Thermoseparation Model P1000 
pump operating at 1.0 mL/minute. Number average molecular weights, Mn, and the 
dispersity were determined with the RI signal (calibrated with polystyrene standards).  
Melting points were determined on a MEL-TEMP apparatus and are uncorrected.  
Elemental analyses were obtained from Midwest Microlabs, Inc., Indianapolis, IN. 
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2.2  Materials 
N-Methylpyrrolidinone (NMP) was purchased from Sigma Aldrich Chemical Co. 
and was dried over and distilled from CaH2 under nitrogen prior to use. Reagent-grade 
anhydrous potassium carbonate powder (K2CO3) was purchased from Sigma Aldrich 
Chemical Co. and dried at 130 °C in an oven prior to use. 3-sulfonated-3’,5’-
difluorodiphenyl sulfone, 8, was synthesized via the previously reported route. 39 2-(3,5-
difluorodiphenyl) benzoxazole was synthesized via the previously reported route. 40 
Bisphenol A, 3a, bisphenol AF, 3b, 4,4’-biphenol, 3c, and 4,4’-dihydroxydiphenyl ether, 
3d, were purchased from Sigma Aldrich Chemical Co., recrystallized from toluene, and 
dried in vacuo pior to use. Hydroquinone, 3e, resorcinol, 3d, and p-methoxyphenol were 
purchased from Sigma Aldrich Chemical Co. and recrystallized from ethanol and dried in 
vacuo. N-iodosuccinimide (NIS) was purchased from Acros Organics and used as 
received. Ethanol (EtOH), hexanes, hydrochloric acid (HCl), nitric acid (HNO3), sulfuric 
acid (H2SO4), tetrahydrofuran (THF), dichloromethane (DCM), ethyl ether, and isopropyl 
alcohol (IPA) were used as received from Pharmco-Aaper. ACS-certified acetone, 
sodium bicarbonate (NaHCO3), sodium bisulfite, and magnesium sulfate (MgSO4) were 
used as received from Fischer Scientific. Non-iodized Morton salt was purchased from a 
local retailer and used as received.  
2.3  Synthesis of of 2-(3,5-difluorophenyl)benzothiazole, 1a 
To a 100-mL RB flask equipped with a reflux condenser, nitrogen gas inlet, and stir bar, 
were added 9.03 g (56.9 mmol) of 3,5-difluorobenzoic acid and 90.0 g of polyphosphoric 
acid (PPA). The reaction flask was heated to 90 °C with stirring until the solids were 
dissolved followed by the addition of 6.10 mL (56.9 mmol) of 2-aminothiophenol. The 
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reaction mixture was heated at 150 °C for 10 h, at which point it was cooled to room 
temperature and added drop wise into an excess of water. The resulting off-white solids 
were isolated by filtration and then dissolved in ethyl acetate. The organic layer was 
washed with a saturated solution of sodium bicarbonate (NaHCO3), brine, and finally 
with distilled water.  The organic layer was dried over MgSO4 and the solvent was 
removed via rotary evaporation to afford the crude product. The solid was dissolved in 
chloroform and activated carbon was used to remove colored impurities from the product. 
The crude product was recrystallized from ethanol, affording 10.3 g (73%) of white 
needle-like crystals with a melting point of 118.0-118.5 °C. 1H NMR (DMSO-d6, δ):  
7.54 (m, 3 H), 7.78 (m, 2 H), 8.15 (dd, 2 H). 13C NMR (DMSO-d6, δ): 107.0 (t), 110.8 
(q), 122.9, 123.7, 126.6, 127.4, 135.2, 136.4 (t), 153.6, 163.2 (q), 165.0. 19F[1H] NMR 
(DMSO-d6, δ): -108.06.  Elemental Analysis: Calc. Anal. for C13H7F2NS: C, 63.15; H, 
2.85; Found: C, 63.14; H, 2.93.  
2.4  Model reaction of 2-(3,5-difluorophenyl)benzothiazole, 2a 
 To a 10-mL RB flask equipped with a reflux condenser, nitrogen gas inlet, and 
stir bar were added 0.153 g (0.612 mmol) of 2-(3,5-difluorophenyl)benzothiazole, 0.186 
g (1.24 mmol) of tert-butylphenol, 1.86 g (1.84 mmol) of K2CO3, and 1.00 mL of NMP. 
The reaction was heated at 200 °C for 30 h. GC/MS analysis showed the presence of 98% 
di-substituted monomer with a [M+] m/z of 507, 2% mono-substituted monomer with a 
[M+] m/z of 377, and 0% of unreacted monomer. The reaction mixture was poured into an 
excess of water (500 mL) and the solids formed were isolated via filtration. The crude 
product was recrystallized from isopropanol to afford 0.286 g (70%) of yellow crystals 
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with a melting point of 141.5 – 142.0 ºC. 13C NMR  (CDCl3, δ): 31.5, 34.4, 110.9, 111.9, 
118.7 121.5, 123.3, 125.3, 126.3, 126.7, 135.1, 136.0, 146.8, 153.8, 153.9, 159.3, 166.9. 
2.5  Representative Homopolymer Synthesis Procedure, 4a-f and 5a-f 
 A typical polymerization reaction will be described using bisphenol-A, 3a. To a 5 
mL RB flask, equipped with a reflux condenser, stir bar, and nitrogen inlet were added 
0.500 g (2.02 mmol) of 2-(3,5-difluorophenyl)benzothiazole, 1a, 0.462 g (2.02 mmol) of 
bisphenol A, 3a, 0.894 g (6.07 mmol) of potassium carbonate, and 3.2 mL of NMP. The 
reaction mixture was heated at 200 ºC for 28 h to afford a vicious solution. The solution 
was cooled to room temperature and diluted with 0.5 mL NMP. The polymer was isolated 
via precipitation from water to afford brown stringy beads. The solids were dissolved in 
chloroform and precipitated from 1:1 hexanes:isopropanol to afford 0.697 g of 4a (76%) 
as a powdery solid. 1H NMR (CDCl3, δ): 1.11 (t, 6 H), 3.22 (q, 4 H), 6.94 (t, 1H), 7.02 (d, 
4 H), 7.21 (d, 2H), 7.41 (d, 4 H); 13C NMR (CDCl3, δ): 13.1, 42.1, 112.6, 113.6, 118.7, 
120.6 (q, CF3), 129.6, 132.1, 143.9, 156.6, 158.2. 
 All subsequent polymerizations were preformed under similar conditions. 
Homopolymers 4c, 4e, and 4f, were purified using NMP as a solvent and 10:1 
EtOH/H2O, MeOH, and EtOH; all polymers were dried under vacuum prior to analysis. 
 
4b: dissolved in chloroform and precipitated from 1:1 hexanes:isopropanol (80 %) 1H 
NMR (CDCl3, δ): 6.81 (t, 1H), 6.99 (d, 4 H), 7.35 (m, 6 H), 7.50 (d, 2 H) 7.76 (d, 1 H), 
7.94 (d, 1H); 13C NMR (CDCl3, δ): 64.1 (h), 113.2, 114.2, 118.1, 121.8, 123.6, 124.2 (q, 
CF3), 125.8, 126.7, 128.5, 132.1, 135.2, 136.9, 154.0, 157.3, 158.0, 166.2. 
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4d: dissolved in chloroform and precipitated from 1:1 hexanes:isopropanol (73 %) 1H 
NMR (CDCl3, δ): 6.64 (t, 1 H), 7.00 (b, 8 H), 7.06 (d, 2 H); 7.33 (m, 1 H), 7.37 (m, 3 H), 
7.45 (m, 1 H), 7.93 (m, 1 H); 13C NMR (CDCl3, δ): 110.0, 111.3, 120.1, 121.0, 121.6, 
123.4, 125.5, 126.4, 135.1, 136.2, 151.6, 153.7, 153.9, 159.7, 166.7. 
 For homopolymers 5a-f, the same procedure was performed with the addition of 
2-(3,5-difluorophenyl)benzoxazole, 1b, various bisphenols, 3a-e, K2CO3 and NMP 
heated at 200 ºC for 28 h. 5c and 5d were purified using THFs as a solvent and 10:1 
EtOH/H2O as a non-solvent. 5e, and 5f, were stirred in DI water to remove NMP. All 
polymers were dried under vacuum prior to analysis. 
5a: dissolved in chloroform and precipitating from hexanes (55%) 1H NMR (CDCl3, δ): 
1.08 (t, 6 H), 1.68 (b, 6 H), 3.18 (q, 4 H), 6.82 (t, 1 H), 6.93 (d, 4 H), 7.06 (d, 2 H), 7.22 
(d, 4 H). 13C NMR (CDCl3, δ): 14.1, 31.0, 42.1, 42.4, 110.6, 111.8, 119.1, 128.4, 143.0, 
146.8, 153.6, 159.4. 
5b: dissolved in chloroform and precipitating from hexanes (64 %) 1H NMR (CDCl3, δ): 
1.11 (t, 6 H), 3.22 (q, 4 H), 6.94 (t, 1H), 7.02 (d, 4 H), 7.21 (d, 2H), 7.41 (d, 4 H); 13C 
NMR (CDCl3, δ): 13.1, 42.1, 112.6, 113.6, 118.7, 120.6 (q, CF3), 129.6, 132.1, 143.9, 
156.6, 158.2. 
2.6  Synthesis of 2-[3,5-bis-(p-methoxyphenoxy)phenyl] benzothiazole, 6a 
 To a 50 mL RBF, equipped with a reflux condenser, nitrogen inlet, and stir bar 
were added 4.00 g (16.2 mmol) of 2-(3,5-difluorophenyl)benzothiazole, 6.03 g (48.6 
mmol) p-methoxyphenol, 10.1 g (72.9 mmol) of K2CO3, and 25.3 mL of NMP. The 
reaction was heated to 185 °C for 60 h. After cooling to room temperature, the resulting 
mixture was poured into an excess of DI H2O. Concentrated HCl was added dropwise 
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until the solution reached a pH ~5 and the solution became turbid. Chloroform was added 
to extract the organic material.  The chloroform layer was washed with a saturated 
sodium carbonate solution, brine, and DI H2O three times. Activated carbon was used to 
remove color impurities. The organic layer was dried over MgSO4 and the solvents 
removed via rotary evaporation. The crude product was recrystallized from EtOH/H2O 
yielding 5.26 g (72%) of off-white solids with a melting point of 130.1 – 131.0 ºC. 1H 
NMR (CDCl3, δ): 3.82 (s, 6H), 6.79 (t, 1H), 6.97-6.94 (dd, 4H), 7.07 (dd, 4H), 7.36 (m, 
2H), 7.49 (d, 2H), 7.55 (ddd, 1H), 7.74 (ddd, 1H). 13C NMR DEPT 90 (DMSO-d6, δ): 
109.2, 110.3, 115.0, 121.0, 121.5, 123.3, 125.3, 126.3. 
 The benzoxaozle derivative, 6b, was synthesized in a similar manner by reacting 
p-methoxyphenol with 2-(3,5-difluorodiphenyl) benzoxazole to afford off-white crystals 
(68%). 1H NMR (DMSO-d6, δ):  3.80 (s, 6H), 6.81 (t, 1H), 7.04 (d, 4H), 7.16 (dd, 4H), 
7.26 (d, 2H), 7.40 (ddd, 2H), 7.77 (ddd, 2H). 13C NMR DEPT 45 (DMSO-d6, δ): 55.9, 
108.8, 109.6, 111.5, 115.8, 120.4, 122.0, 125.4, 126.3. Elemental Analysis: Calc. Anal. 
for C27H21NO5: C, 73.79; H, 4.82; Found: C, 73.07; H, 5.02. 
2.7  Synthesis of 2-[3,5-bis-(p-hydroxyphenoxy)phenyl] benzothiazole, 7a 
 To a 500 mL RB flask equipped with a reflux condenser, nitrogen inlet, and stir 
bar were added 5.25 g (11.5 mmol) of 2-[3,5-bis-(p-methoxyphenoxy)phenyl] 
benzothiazole, 6a, 34.9 mL (309 mmol) of 48% wt. HBr, and 214 mL of acetic acid. The 
reaction was heated to 130 ºC for 70 h. After cooling to room temperature, the resulting 
mixture was poured into an excess of DI H2O. Solids were formed and isolated via 
filtration to afford a yellow powdery product. The crude product was recrystallized from 
2:1 isopropanol:water to afford 4.78 g (97%) of compound 3 with a melting point of 
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221.3 – 221.7 ºC.  1H NMR (DMSO-d6, δ): 6.63 (t, 1H), 6.85 (d, 4H), 7.01 (d, 4H), 7.16 
(d, 2H), 7.47 (ddd, 2H), 8.01 (ddd, 2H), 9.53 (s, 1H). 13C NMR (DMSO-d6, δ): 108.2, 
108.6, 116.9, 122.0, 122.7, 123.5, 126.2, 127.1, 134.8, 135.5, 147.2, 153.7, 155.0, 161.0, 
166.6. Elemental Analysis: Calc. Anal. for C25H17NO4S: C, 70.24; H, 4.01; Found: C, 
70.29; H, 4.13. 
 The methoxy protected benzoxaozle derivative, 6b, was deprotected in a similar 
manner using HBr for 10 h at 130 ºC.  1HNMR (DMSO-d6, δ): 6.74 (t, 1H), 6.86 (m, 4H), 
7.02 (m, 4H), 7.22 (d, 2H), 7.38 (m, 2H), 7.76 (m, 2H), 9.51 (s, 2H). 13C NMR (DMSO-
d6, δ): 108.4, 109.1, 111.5, 116.9, 120.4, 122.1, 125.4, 126.2, 129.0, 141.6, 147.1, 150.6, 
155.0, 161.0, 161.6. Elemental Analysis: Calc. Anal. for C27H17NO5: C, 72.99; H, 4.16; 
Found: C, 72.92; H, 4.24. 
2.8  Representative Synthesis of Perfectly Alternating Copolymer, 9a and 10a 
 Perfectly alternating copolymers were synthesized via step growth 
polymerization. A typical polymerization reaction will be described using 2-[3,5-bis-(p-
hydroxyphenoxy)phenyl] benzothiazole, 7a, and 3-sulfonated-3’,5’-
difluorodiphenylsulfone, 8. To a 5-mL RB flask equipped with a stir bar, reflux 
condenser, and gas inlet were added 0.300 g (0.842 mmol) of 3-sulfonated-3’,5’-
difluorodiphenylsulfone, 8, 0.360 g (0.842 mmol) of 2-[3,5-bis-(p-
hydroxyphenoxy)phenyl] benzothiazole, 7a, 0.349 g (2.53 mmol) of K2CO3, and 1.3 mL 
of NMP. The reaction was heated to 185 °C for 28 h. The very viscous solution was 
cooled to room temperature and diluted with ~1 mL of NMP. The polymer was isolated 
via precipitation from water, affording swollen brown fibers. The solid was dissolved in 
DMSO and precipitated from isopropyl alcohol to afford 0.313 g of 9a (52%). 13C-NMR 
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(DMSO-d6, δ):  110.3, 110.7, 111.2, 122.1, 122.3, 122.7, 123.5, 124.7, 126.2, 127.1, 
128.1, 130.3, 131.5, 134.9, 135.9, 140.4, 144.2, 150.0, 151.4, 152.6, 153.6, 159.6, 160.1, 
166.2.  
 The same procedure was utilized for a benzoxazole based N-heterocyclic perfectly 
alternating copolymer, 10a, by reacting compound 8 and 7b to afford 0.511 g (65%) of 
powdery solids. 13C-NMR (DMSO-d6, δ):  110.4, 110.4, 111.4, 120.4, 122.2, 122.4, 
124.6, 125.4, 126.2, 128.1, 129.4, 130.3, 131.4, 140.4, 141.6, 144.2, 150.2, 150.6, 151.5, 
152.5, 159.7, 160.1, 161.3. 
2.9  Representative Synthesis Procedure of Copolymer, 9b-d and 10b-d 
 Hydroquinone based copolymers with different IECs were synthesized via step 
growth polymerization. A sample copolymer synthesis, 9b, with an IEC of 1.14 is as 
follows. To a 5 mL round bottom flask, equipped with a stir bar, reflux condenser, and 
gas inlet, were added 0.0763 g (0.309 mmol) of 1a, 0.330 g (0.772 mmol) of 7a, 0.320 g 
(2.32 mmol) of K2CO3, and 1.21 mL of NMP. The reaction was heated at 185 °C for 16 
h. Then 0.165 g (0.463 mmol) of 3-sulfonated-3',5'-difluorodiphenylsulfone, 8, was 
added to the reaction flask and the reaction was heated at 185 °C for 16 h. An additional 
2.7 weight percent of 8 was added and the mixture was heated for four hours at 185 °C to 
afford a highly vicious solution. The reaction was cooled to room temperature and diluted 
with NMP to decrease viscosity. The polymer was isolated as swollen fibers by dropwise 
addition into vigorously stirred DI water. To purify the polymer, 9b was dissolved in 
DMSO and precipitated from 1:1 MeOH:isopropanol, then filtered to afford 0.441 g 
(60%) of fine fibers. 13C-NMR (DMSO-d6, δ):  108.7, 110.3, 110.6, 111.2, 121.9, 122.1, 
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122.5, 123.3, 124.7, 126.1, 127.0, 127.8, 129.9, 131.4, 134.9, 136.0, 140.5, 144.2, 144.3, 
150.3, 151.5, 152.7, 153.7, 159.7, 160.0, 161.5, 166.0.  
 All subsequent polymerizations for 9b-d were performed under similar conditions 
that included, initially, holding back monomer 8 for 16 h, followed by an additional 2.7 
weight percent of 8 and heating for 4 additional hours. The following yields were 
obtained: 9c (45%), and 9d (34%). 13C NMR peaks were found at the same chemical 
shifts as listed above, at varying intensities depending upon the initial monomer 
concentrations.  
 For copolymers 10b-d, the same procedure was performed with the addition of 2-
(3,5-difluorophenyl)benzoxazole, 1b, compound 7b, K2CO3 and NMP, followed by the 
addition of 5. Copolymers 10b-d obtained the following yields: 10b (22%), 10c (64%), 
and 10d (83%). 
2.10  Representative Synthesis of Random Copolymer, 11 
 To a 5 mL round bottom flask, equipped with a stir bar, reflux condenser, and gas 
inlet, were added 0.208 g (0.842 mmol) of 1a, 0.185 g (1.68 mmol) of hydroquinone, 
0.698 g (5.05 mmol) of K2CO3, and 2.15 mL of NMP. The reaction was heated at 200 °C 
for 21 h.  Then 0.300 g (0.842 mmol) of 3-sulfonated-3',5'-difluorodiphenylsulfone, 8, 
was added to the reaction flask and the reaction was heated at 200 °C for 16 h. An 
additional 2.7 weight percent of 8 was added and the mixture was heated for four hours at 
200 °C. The reaction was cooled to room temperature. The polymer was isolated as 
swollen fibers by dropwise addition into vigorously stirred DI water. To purify the 
polymer, 11 was dissolved in DMSO and precipitated from 1:1 IPA;MeOH, then filtered 
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to afford 0.358 g (59%) of fine fibers. 13C NMR DEPT 90 (DMSO-d6, δ): 108.9, 110.4, 
110.6, 112.1, 122.0, 122.8, 123.5, 124.8, 126.3, 127.2, 127.9, 128.3, 130.1, 131.4. 
2.11  Synthesis Procedure of Homo-dimer 
 To a 5 mL round bottom flask, equipped with a stir bar, reflux condenser, and gas 
inlet, were added 0.150 g (0.607 mmol) of 1a, 0.259 g (0.607 mmol) of 7a, 0.252 g (1.82 
mmol) of K2CO3, and 12.1 mL of NMP. The reaction was heated at 185 °C for 168 h. 
The reaction was cooled to room temperature and precipitated into an excess of water. 
The pH of the solution was taken to ~6 using HCl. No solids formed and NaCl was added 
to “salt out” solids. Brown powdery solids were isolated via filtration to afford 0.305 g 
(79%). 
 
2.12  Representative Membrane Preparation Procedure 
 Membranes were prepared by dissolving the precipitated polymer in NMP to 
afford a 5-10% (w/w) transparent polymer solution, which was filtered with a 0.45 µm 
Teflon® syringe filter and then cast onto a clean Teflon plate, followed by drying in a 
vacuum oven by slowly increasing the temperature from 40 – 120 ºC over 24 h. The 
membranes were removed by immersion into DI H2O. Acid forms of the polymers were 
prepared by immersion in 2 N H2SO4 for 36 h. The membranes were then soaked in DI 
H2O for 48 h to remove residual acid.  
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2.13  Characterization 
2.13.1  General Ion Exchange Capacity Titration Procedure 
 Experimental IEC values for all sPAEs were determined using a typical titration 
method. The membranes, in the acid form, were dried under vacuum at 100 ºC overnight 
to obtain a dry weight. The dried membrane was placed in a 1 M sodium sulfate solution 
(35 mL) and stirred for 24 h. Three 10 mL aliquots were taken and titrated with 0.01 M 
NaOH to a phenolphthalein endpoint. The IEC was taken as the average of the three 
samples calculated using the following equation:  
IEC (mequiv. / g) = mmol NaOH10mL
35mL
× polymermass
 
Equation 2. Ion Exchange Capacity (IEC) 
2.13.2  General Procedure for Determining Percent Water Uptake 
 Water uptake, WU, measurements were conducted for polymers which formed 
resilient films in both salt and acid forms.  WU was determined by obtaining the weight 
of the fully hydrated membrane (wwet) after being immersed in DI water at 23 ºC for 24 h. 
Excess water was removed from the hydrated membrane surface by blotting with a Kim 
Wipe prior to obtaining wwet. The membrane was dried under vacuum at 140 ºC to 
constant mass to obtain a dry weight (wdry). The calculation for percent WU by mass is as 
follows: 
WU%=
wwet −wdry
wdry
×100%  
Equation 3. Water Uptake (WU) 
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2.13.3    Thermogravimetric Analysis (TGA) 
 The thermal and thermo-oxidative stability of the polymers was investigated using 
a TA Instruments Q500 Thermogravimetric Analyzer. A typical method included heating 
a 5 mg sample, in a platinum pan, at a rate of 10 ºC/min from 40 ºC to 800 ºC under 
nitrogen atmosphere for salt forms and air for acid forms. The weight loss was recorded 
as a function of time; thermal stability was reported at 5% weight loss, Td5%.  
2.13.4    Differential Scanning Calorimetry (DSC) 
 Thermal transition temperatures were determined via DSC using a TA 
Instruments Q200 Differential Scanning Calorimeter. A typical method included a cycle 
of heating a 5 mg of sample, in a Tzero aluminum pan, at 10 ºC/min from 40 ºC to 350 
ºC, cooling at 20 ºC/min to 40 ºC, and a second heating at 10 ºC to 350 ºC, under a 
nitrogen atmosphere for the salt and acid forms of the sPAEs and homopolymers. The 
glass transition temperature, Tg, was determined at the midpoint of the tangent of the 
second heating cycle. The first heating cycle was utilized to erase the thermal history of 
the polymers.  
2.13.5    Size Exclusion Chromatography (SEC) 
 Molecular weights and molecular weight distributions of homopolymers were 
determined using SEC for polymers soluble in tetrahydrofuran/5% (v/v) acetic acid as the 
eluent. Number average molecular weights, Mn, and the dispersity were determined with 
the RI signal (calibrated with polystyrene standards). 
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3.  RESULTS & DISCUSSION 
3.1  Project Phases 
 Three major phases were employed for the development of sPAES, with pendent 
sulfonated phenylsulfonyl and either benzothiazole or benzoxazole groups for proton 
exchange membranes: 1) synthesis and characterization of 3,5-difluoro N-heterocyclic 
monomers, 2) synthesis and characterization of homopolymers series, and 3) copolymer 
series with pendent N-heterocycle and sulfonic acid repeat units. 
 The synthesis of 2-(3,5-difluorophenyl)-N-heterocyclic monomers allows for the 
incorporation of benzothiazole or benzoxazole groups pendent to the backbone providing 
several advantages including increased hydrolytic and oxidative stability along with 
amplified interaction with sulfonic acids when incorporated into the sPAES. The 
synthesis of the homopolymers series provides valuable information about the 
mechanical and thermal properties of these systems. The copolymer series, with varying 
ratios of N-heterocycle to sulfonic acid, will be utilized to study the interactions of said 
species and their effects on the final PEMs. 
3.2  Monomer Synthesis 
 N-heterocycle based 3,5-difluoro aromatic monomers were synthesized for the 
preparation of PAEs carrying pendent benzoxazole or benzothiazole moieties. Their 
syntheses and characterization will be briefly discussed, along with their specific 
application in homopolymers and copolymers.   
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Figure 14. N-heterocycle based 3,5-difluoro aromatic monomers: benzothiazole, 1a, and 
benzoxazole, 1b. 
 
3.2.1   Synthesis of 2-(3,5-difluorophenyl)benzothiazole 
 The literature procedure described by Kashiyama, et al was used as a guide for 
the synthesis of 2-(3,5-difluorophenyl)benzothiazole, 1a as shown in Scheme 1. 41  
 
Scheme 1. Synthesis of 2-(3,5-difluorophenyl)benzothiazole, 1a 
 A mixture of 3,5-difluorobenzoic acid and polyphosphoric acid (PPA) was heated 
at 90 °C with stirring, after which 2-aminothiophenol was added to the reaction flask and 
stirred for 10 h at 150 °C.  The crude product was recrystallized from ethanol, affording 
white crystals. The synthesis of 2-(3,5-difluorophenyl)benzoxazole, 1b, was achieved 
using a similar method previously reported by Kusmus et al. 40 The structure of the 
benzothiazole monomer was confirmed by a combination of GC/MS, elemental analysis, 
and 13C NMR spectroscopy. The 13C NMR spectrum of 1a appears in Figure 15. 
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Figure 15: 75.5 MHz 13C NMR spectrum (DMSO-d6) of 2-(3,5-difluorophenyl) 
benzothiazole. 
 The 13C NMR spectrum of 1a displays 11 distinct signals. A triplet signal for 
carbon a, at 107 ppm, results from splitting due to the two fluorine atoms in the meta 
positions. Carbons b-e also experience varying degrees of splitting, depending on their 
position in relation to the fluorine atoms. Carbons b and c both appear as doublets of 
doublets at 162-165 ppm and 110-111 ppm, respectively.  Carbons d and e are triplets at 
136.4 ppm and 165 ppm, respectively. Carbon e has a chemical shift furthest downfield 
due to its low electron density resulting from a position between two electron 
withdrawing atoms.  Carbons f, g, h, i, j, k were all identified as singlets and found at 
155, 124, 127, 126, 123, and 135 ppm, respectively.  
 37 
3.2.2   Model Reaction of 2-(3,5-difluorophenyl)benzothiazole, 2a 
 In order to prepare high molecular weight PAE systems it was necessary to 
determine the appropriate conditions that would provide essentially quantitative 
substitution of the electrophilic sites in 1a.  As such, a series of model reactions were 
performed using 2 equivalents of tert-butyl phenol as the nucleophile (Scheme 2). 
 
Scheme 2. Synthesis of model compound, 2a. 
 The first model reaction was heated at 185 °C for 20 h in NMP, at which point 
GC/MS analysis of the reaction mixture indicated the presence of 72% di-substituted 
compound, 2a. Even after 49 h, the reaction was found to be incomplete, therefore, a 
second model reaction was heated at 200 °C; GC/MS analysis showed that after 30 h the 
reaction mixture was completely converted to the disubstituted model compound, 2a.  
The product was precipitated from water, isolated via filtration, followed by 
recrystallization from isopropanol to afford yellow crystals. 
 38 
 
Figure 16. 75.5 MHz 13C NMR (CDCl3) spectrum of the disubstituted model compound, 
2a. 
 The 13C NMR spectrum of 2a is presented in Figure 16.  The splitting observed in 
the peaks assigned to carbons a-e in 1a is no longer present, thus indicating the 
displacement of both meta fluorines. Four new singlets associated with carbons l, m, n, 
and o are observed in the aromatic region at 147, 122, 119, 153 ppm, respectively. Two 
singlets are observed in the aliphatic region at 35 ppm and 31 ppm correlating to carbons 
p and q, respectively. 
3.3  Homopolymer Synthesis 
3.4.1 Homopolymers Series, 4a-f and 5a-f  
 
 To explore the influences of structure on the thermal and physical properties of 
heterocyclic containing polymers for potential uses in PEMs, a series of homopolymers 
with pendent benzothiazole and benzoxazole groups was synthesized using 1a and 1b, 
respectively. The polymerizations proceeded via a typical NAS polycondensation 
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reaction between a nucleophilic bisphenol monomer, 3a-f, and either 1a or 1b, as shown 
in Scheme 3. 
 
Scheme 3. Synthesis of benzothiazole homopolymers (4a-f) and benzoxazole 
homopolymers (5a-f). 
 Based on the results of the model reactions of 1a, the polymerizations were 
carried out at 200 °C for 28 h. The polymers were precipitated from water and isolated 
via filtration, followed by purification using a solvent/non-solvent reprecipitation 
method, which was performed to remove cyclic oligomeric species. Homopolymers 4a, 
4b, 4d, 5a, and 5b were dissolved in chloroform and precipitated from 1:1 
hexanes:isopropanol. SEC analysis was used to determine number average molecular 
weights, Mn, weight average molecular weights, Mw, and polydispersity index values for 
homopolymers soluble in THF/5% acetic acid solvent mixture, as listed in Table 2. The 
SEC traces of crude and reprecipitated samples of 4b and 4d are illustrated in Figure 17. 
Homopolymers 4b and 4d had a weight average molecular weight of 158,000 g/mol and 
N X
F F
ArHO OH
X =
(3a-f)
Ar = a
CF3
CF3
b c
O
d e f
N X
F O Ar O H
NMP
K2CO3
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n
S, (1a)
O, (1b) X =
S, (4a-f)
O, (5a-f)
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38,000 g/mol. Homopolymers 4b and 4d had sufficient molecular weights to allow for 
chain entanglements thus displaying good mechanical properties allowing for the 
preparation of viable films.  
 
Figure 17. SEC (RI signal) traces of crude and reprecipitated polymers 4b and 4d. 
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Table 2. Characterization of benzothiazole (BTZ) homopolymers, 4a-f, and benzoxazole 
(BOX) homopolymers, 5a-f. 
N-Het Polymer % Yield Mn (g mol-1) Mw (g mol-1) PDI 
BTZ 
4a 76 30,500 40,100 2.8 
4b 80 115,900 158,200 3.4 
4c 60 --- --- -- 
4d 73 25,600 38,000 2.1 
4e 45 --- --- -- 
4f 92 --- --- -- 
BOX 
5a 55 45,700 49,100 2.1 
5b 64 71,800 79,000 2.7 
5c 89 --- --- -- 
5d 98 31,000 32,200 1.8 
5e 81 --- --- -- 
5f 68 --- --- -- 
 
 The thermal properties of all homopolymers were evaluated using 
Thermogravimetric analysis (TGA) and Differential scanning calorimetry (DSC). TGA 
analysis was used to determine the 5% weight loss (Td5%) of the homopolymers under 
nitrogen and air. Typically the thermal stability of the homopolymers was higher under 
nitrogen than air, with the exception of 4a, where the stability is the same in both 
environments. Homopolymers 4c and 5c displayed high Tg values of 194 °C and 223 °C, 
respectively. Td5% values, under N2 and air, for 4d were 460 °C and 433 °C, respectively. 
All of the benzothiazole and benzoxazole-based homopolymers showed high thermal 
stability under air >400 °C with the exception of 5e, making them suitable materials for 
PEMs.  
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Figure 18. TGA traces of polymers (4a-f and 5a-f, inline with text) under nitrogen at a 
heating rate of 10 °C/min. 
 
 
Figure 19. TGA trace of 4d under an N2 atmosphere.  
 Under a nitrogren atmosphere homopolymer 4d displayed a distinct degradation 
step (Figure 19.) beginning just above 450 °C, involved a weight loss of ∼35%.  This 
degradation step is assigned to the loss of a benzothiazole unit, which has a weight % of 
33 in the repeat unit.  
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Figure 20. TGA trace of 4d under an air atmosphere. 
 The ether bonds in 4d are more readily degraded under an air atmosphere 
compared to a nitrogen atmosphere, thus resulting in a multistep degradation as shown in 
Figure 20. The first step, beginning around 325 °C involved a weight loss of ∼28% and is 
associated with the loss of a phenyl diether moiety from the backbone which has a weight 
% of 26 in the repeat unit. The second step begins around 475 °C, involved a weight loss 
of ~18% can be assigned to the loss of the phenyl ether moiety with a weight % of 22 in 
the repeat unit.  
 The DSC overlay for the homopolymers, shown in Figure 21 displays the 
dependence of the glass transition temperature (Tg) on structural differences. The ease of 
segmental motion of a polymer chain largely determines the Tg of an amorphous 
polymer. Chain rigidity and free volume are two leading factors that affect the ease of 
chain motion.  
 4c displays the highest Tg, which is expected due to the rigidity of the planar 
biphenyl linkages. The symmetry of the linkages also allows for close packing of the 
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polymer chains, thus decreasing the amount of free volume and segmental motion, which 
raises the Tg. Although similar in structure, 4b has a higher Tg than 4a, resulting from the 
presence of the carbon-fluorine bonds. Stronger intermolecular forces lead to an 
increased Tg. The carbon-fluorine bond is a strong single bond due to its partial ionic 
character and relatively short bond length. The increasing number of fluorine atoms on 
the geminal carbon also increases the strength of the bonds. The trifluoromethyl groups in 
4b increase the intermolecular strength, thus displaying a higher Tg than 4a. 4d 
incorporates an ether linkage, which is the most flexible of the bisphenols, thus it is 
expected to have a decreased Tg. 4e and 4f show the isomeric effect on Tg. 4e is more 
symmetrical as it incorporates a para substituted phenyl ring, allowing for more packing 
of the polymer chains, which raises the Tg, while 4f incorporates a meta substituted 
phenyl ring, into the backbone of the polymer, which increases the amount of free 
volume thus decreasing Tg. It can also be hypothesized that since resorcinol, 3f, is less 
reactive, as a nucleophile, than hydroquinone, 3e, lower molecular weight polymer was 
achieved with 4f, leading to another factor that decreases Tg. This apparent trend, within 
the bisphenol monomers, 3a-f, remains constant irrespective of the di-fluoro monomer 
used for polymerization. Both 4a-f and 5a-f increase in Tg when 3f, 3d, 3a, 3e, 3b, and 
3c were incorporated, emphasizing the structural effects on Tg. 
 In almost every case, the benzoxazole homopolymers, 5a-f, possessed a higher Tg 
than the corresponding benzothiazole homopolymers, 4a-f. There are several factors that 
contribute to this trend. A higher Tg is seen within the benzoxazole homopolymers due to 
stronger intermolecular forces as a result of the more polarized carbon-oxygen bond, 
compared to a carbon-sulfur bond, in the benzothiazole. The incorporation of the 
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heterocyclic group pendent creates more free volume in polymers 4a-f than 5a-f due to 
the slightly larger size of sulfur compared to oxygen. These factors contribute to the 
observed trend. 
 
Figure 21. DCS traces of homopolymers, 4a-f and 5a-f, in nitrogen at a heating rate of 
10 °C/min. 
 
 Polymers with Tg values above 120 °C are desired for use as PEMs. All 
homopolymers, with the exception of 4f, possess sufficiently high Tg values.  The thermal 
stability of all homopolymers, except for 5e, are above 400 °C which shows promise of 
long-term use without degradation.  
Table 3. Thermal analysis (Tg, Td5% under N2 and air) data for homopolymers. 
 
 N-Het Polymer Tg (°C) Td(5%) N2 (°C) Td(5%) Air (°C) 
BTZ 
4a 165 455 456 
4b 182 481 432 
4c 194 542 498 
4d 152 460 433 
4e 167 473 451 
4f 109 420 420 
BOX 
5a 163 442 435 
5b 192 505 467 
5c 223 462 496 
5d 161 444 425 
5e 190 428 368 
5f 139 416 405 
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3.4  Copolymer Synthesis 
 The next phase of this research was to synthesize perfectly alternating sPAE 
copolymers bearing truly pendent N-heterocyclic and sulfonated phenyl sulfonyl groups 
with the potential to be used as PEMs. A perfectly alternating pendent sulfonated and 
pendent N-heterocyclic system has been shown to improve proton conductivity due to 
regularly spaced ionic groups.37 Previous work with sulfonated sulfone systems has 
indicated that when the sulfonic acid resides in the pendent position, relative to the 
polymer backbone, proton conductivity is increased. 35 
 By randomizing the incorporation of the different proton conducting moieties in 
the polymer backbone, it decreases their ability to both interact with the proton. Glass 
transition temperatures are also observed to decrease as the symmetry of the polymer is 
reduced.42 By forcing an alternating structure of the N-heterocyclic species and 
sulfonated species, it minimizes the potential for segregation between the heterocyclic 
species and acid groups allowing for synergistic interactions between the two moieties to 
enhance proton conductivity. Higher proton conductivity has been shown as a result of 
regularly spaced ionic groups along the backbone of some polymers. 37  
3.4.1  Synthesis of 2-[3,5-bis-(p-hydroxyphenoxy)phenyl] benzothiazole, 7a 
 
 To prepare perfectly alternating copolymers, hydroquinone based N-heterocyclic 
containing bisphenols, 2-[3,5-bis-(p-hydroxyphenoxy)phenyl] benzothiazole (7a) and the 
corresponding benzoxazole analogue (7b), were required. The synthesis of the precursor 
to 7a, as shown in Scheme 4, started with the reaction of 1a with a slight excess of p-
methoxyphenol. The methoxy end groups are incapable of polymerization, thus allowing 
for the synthesis of 6a without any unwanted side reactions. Upon isolation of 6a, a 
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subsequent reaction was used to deprotect the phenol groups using hydrobromic acid as 
shown in Scheme 5. 
 
Scheme 4. Synthesis of methoxy protected 2-[3,5-bis-(p-hydroxyphenoxy)phenyl] 
benzothiazole, 6a. 
 
 
Scheme 5. Deprotection of the methoxy groups in 6a to provide 2-[3,5-bis-(p 
hydroxyphenoxy)phenyl] benzothiazole, 7a. 
 
 Confirmation of the structure of 7a was provided by elemental analysis, GC/MS 
analysis, and NMR spectroscopy. The 13C NMR spectrum of 7a is shown in Figure 22. 
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Figure 22: The 75.5 MHz (DMSO-d6) 13C NMR spectrum of 7a. 
Carbon a, which is a triplet peak in the fluorinated monomeric unit, 1a, is now a singlet 
peak at 108 ppm. Carbons a-e no longer experience coupling effects after the 
displacement of the meta fluorines. Carbons b-e were all identified as singlets found at 
161, 109, 135, and 167 ppm, respectively. 
 The benzoxazole analogue was synthesized in a similar manner using p-
methoxyphenol and 2-(3,5-difluorodiphenyl)benzoxazole, 1b. Upon isolation of 2-[3,5-
bis-(p-methoxyphenoxy)phenyl] benzoxazole, 6b, deprotection of the methoxy groups 
was achieved by using hydrobromic acid at 130 °C for 10 h.  1H NMR spectroscopy was 
utilized to confirm the complete deprotection of compound 6b, shown in Figure 23. 
Spectrum a corresponding to compound 6b has a singlet peak at 3.8 ppm corresponding 
to protons i (6 H), which is absent in spectrum b for compound 7b. Spectrum b 
corresponding to compound 6b shows the appearance of a singlet at 9.8 ppm 
representative of protons j (2 H) in the phenolic end groups. Similar spectral features 
were seen for the benzothiazole derivatives, compounds 6a and 7a. 
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Figure 23. The 300 MHz 1H NMR spectra of benzoxazole derivative a) protected with 
methoxy end groups, 6b, and b) with polymerizable phenolic end groups, 7b. 
3.4.2 Perfectly alternating copolymers, 9a and 10a 
 Perfectly alternating copolymers required a 1:1 mole ratio of 3-sulfonated-3’,5’-
difluorodiphenyl sulfone, 8, and a large bisphenolic species, 7a or 7b.  The use of the 
bisphenolic species serves to keep the heterocyclic species and sulfonic acid groups in 
close proximity. It has been shown that heterocyclic species have improved proton 
conductivity in relative low humidity conditions. 43 To implement that advantage, the 
heterocyclic species has been incorporated pendent into the backbone. This allows for 
protons to easily interact between the acid group and the nitrogen in the heterocycle, thus 
improving proton mobility under low humidity conditions.  The synthesis of the perfectly 
alternating copolymers is outlined in Scheme 6.  
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Scheme 6. Synthesis of perfectly alternating copolymer.       
 The polymerizations proceeded via a NAS polycondensation reaction at 185 °C. 
Due to the hygroscopic nature of 8, additional compound was added after 24 h to keep 
the stoichiometric feed ratio of the A2 and B2 monomers equivalent in-order to achieve 
high molecular weight polymers. This stoichiometric correction is added later in the 
process, as it was shown in previous work from our group to reduce the amount of cyclic 
oligomers formed in the process. TGA analysis was used to determine the moisture 
content in 8 by heating to 110 °C and measuring the percent weight loss. An additional 
weight correction based on that analysis was used to rebalance the stoichiometric offset 
caused by the water content in 8. Upon completion of the reaction, the polymers were 
precipitated from water and isolated via filtration. To purify and remove cyclic 
oligomeric species, the polymers were reprecipitated using a solvent/non-solvent method. 
13C and 1H NMR analysis was used to confirm the structure of 9a as shown in Figure 24 
and Figure 25, respectively. 13C NMR spectroscopy showed the incorporation of both 
monomers into the copolymer. The splitting patterns observed in the peaks for p and r in 
the fluorinated monomer unit are no longer seen and the peaks have collapsed to singlets 
due to the displacement of the meta fluorine atoms. 
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Figure 24. 13C NMR spectrum of 9a.  
 
 
Figure 25. 1H NMR overlay of 9a precipitated from water (a) and reprecipitated from 
isopropanol (b).  
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 1H NMR analysis of 9a showed the purification method reduced the cyclic 
oligomers from 24% to 5%. In Figure 25, peaks corresponding to the cyclic oligomers 
are marked with red dashed boxes. Two triple peaks identical to peaks p and a are seen at 
5.3 and 5.2 ppm, respectively, corresponding to the similar protons in the cyclic species.  
 
 
Figure 26. 1H NMR spectrum of 9a shows the structure of the hetero-dimer cyclic 
species formed.  
Figure 26 is an overlay 1H NMR spectrum of the independent synthesis of cyclic species 
under dilute conditions (b) and 9a precipitated from water (a). Due to the shielding 
effects of from the phenyl rings incorporated from the bisphenol monomer unit, the peaks 
are shifted much further upfield than a typical aromatic proton. There is also a reduction 
in the intensity of the peaks corresponding to the cyclic species after purification.    
 The molecular weights of 9a and 10a could not to be determined due to their 
insolubility in the currently utilized SEC solvent, THF/5% acetic acid. Films were 
prepared by dissolving the salt form of the copolymers in NMP and then casting onto a 
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clean Teflon plate followed by drying in a vacuum oven. This procedure yielded a 
flexible and resilient film of 9a, however the film produced from 10a was flexible when 
fully hydrated, but became brittle under dry conditions. The acid form of 9a and 10a 
were prepared by immersion in 2 N H2SO4 for 24 h, followed by soaking in DI water to 
remove residual acid. 
3.4.3 Copolymers with varying IEC, 9b-e and 10b-e 
 
 
Scheme 7. Synthesis of copolymers with varying IEC, 9b-d and 10b-d  
 In order to more thoroughly study the effects of incorporating pendent 
heterocycles and sulfonic acid groups, a series of PAEs with IECs ranging from 0.60 to 
1.39 and 0.62 to 1.42, for the benzothiazole and benzoxazole copolymers, respectively, 
was prepared. The sulfonic acid content of each polymer was controlled by varying the 
ratio of m to n incorporated into the reaction. To ensure complete substitution of 1a at 
185 °C, monomer 8 was initially held back, allowing 1a to react with the bisphenol, 7a, 
in excess. After 16 h, the sulfonated monomer, 8, was added and allowed to react for an 
additional 16 h. Similarly to the previous copolymer synthesis, an additional amount of 8 
was added as a stoichiometric correction for the water content. The same method was 
used for the synthesis of the benzoxazole copolymer series, 10a-d. All polymers were 
precipitated from water and isolated via filtration. To remove cyclic species, polymers 
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were dissolved in DMSO and precipitated from 1:1 ethanol:methanol and isolated via 
filtration. Confirmation of the incorporation of both monomers was provided by 13C 
NMR spectroscopy, as shown in Figure 27. 
 
 
Figure 27. Overlay of 75.7 MHz 13C NMR spectra (DMSO-d6) of 9a-d. 
 
 The formation of two types of cyclic oligomeric species was observed in the 
copolymer syntheses. With the addition of 2-(3,5-difluorophenyl) benzothiazole, 1a, into 
the polymerization, homo-dimers were also formed as unwanted byproducts. To confirm 
the structure of the cyclic species being formed in the polymer systems, a separate 
reaction was employed for the intentional synthesis of the homo-dimer. Under dilute 
conditions, which promote the formation of cyclic species, compounds 1a and 7a were 
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reacted under the same polymerizations conditions. 1H NMR spectroscopy (Figure 28) 
was used to confirm the structure of the homo-dimer being formed in the copolymer 
systems.  
 
Figure 28. 1H NMR spectra (DMSO-d6) of (a) 9d crude sample and (b) homo-dimer 
synthesis. 
 Isolation of the homo-dimer compound also allowed solubility studies of the 
compound to be performed. From these trials, it was determined that reprecipitation of 
9b-d from methanol would remove the cyclic homo-dimers.   
 Characterization of the copolymers allowed for identification of some important 
properties related to fuel cell applications. Polymers can be defined by composition, 
thermal stability, IEC, and water uptake. Pertaining to fuel cell performance, it is 
paramount to display high thermal stability, low water uptake, and high proton 
conductivity.  Various characterization data for the copolymers are listed in Table 4 and 
Table 5. 
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Table 4. Characterization of benzothiazole (BTZ) Copolymers, 9a-d, and benzoxazole 
(BOX) Copolymers, 10a-d. 
N-Het Polymer 
Acid 
content 
(%) 
% Yield IEC
Calc 
(meq./g) 
IECExp 
(meq./g) 
% WU 
salt acid 
 9a 50 52 1.39 1.58 21 17 
BTZ 9b 40 60 1.14 1.22 15 13 
 9c 30 45 0.87 0.91 14 11 
 9d 20 34 0.60 0.64 8 6 
BOX 
10a 50 65 1.42 1.49 -- -- 
10b 40 22 1.17 1.28 -- -- 
10c 30 64 0.90 0.88 -- -- 
10d 20 83 0.62 0.64 17 13 
 
 IEC values were experimentally determined via a typical titration method using a 
phenolphthalein indicator. The experimental IECs were slightly higher (12%, 7%, 6%, 
and 6%, respectively) than the calculated IECs for copolymers 9a-d. This increase in 
experimental IECs could be attributed to the possible protonation of the nitrogen atom on 
the heterocyclic ring during the acidification process, which increased the amount of 
titrant needed, thus increasing the observed IEC. The pKa of the protonated form of 
benzoxazole is ~ -1 and ~ 1.3 to 2 for the benzothiazole making them susceptible to 
protonation in extremely acidic conditions during acidification (2 N H2SO4). 44,45 IEC and 
water uptake have a direct relationship that is seen in the obtained data in Table 4. Water 
uptake percentages follow an expected trend that increases as the amount of sulfonic acid 
content in the copolymer increases. It is also seen that the salt form of the copolymers 
had more water uptake than the acid forms. This is expected considering ionic 
interactions between the salt and water molecules are stronger than the acid and water 
interactions.  
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 Comparisons of WU vs. IEC are shown in Figure 30 for the BTZ series (9a-d) 
with various literature comparisons for other sPAES systems. A prior study has shown 
that pendant sPAES display lower WU, than their disulfonated backbone counterparts 
based on sulfonated dichlorodiphenyl sulfone, SDCDPS. 25 Our BTZ series contains 
truly pendent sulfonate groups and pendent benzothiazole groups. Therefore as a 
display of the advantages with our pendent system to the typical backbone 
functionalized system, a series of sulfonated poly(benzoxazole ether ketone)s, 
SPAEKBO, was used as a literature comparison. 43  
 
Figure 29. Structures of polymers used in literature comparisons for %WU vs IEC. 
 
S
O
O
SO3H
SO3H
OO
k
S
O
O
nm OO k
S
O
O
mn
Pendent PAE
S O
O
SO3H
SDCDPS
S O
O
SO3H
O
N S
Om n
BTZ series
C
F2
F2
C FC
O
F2
C
CF2
C
FF3C O
F2
C
C
F2
S
O
O
OH
x y
z
Nafion
Ph
N
O
CF3
CF3
N
O
Ph
O
SO3H
HO3S
Ph
CF3
CF3
Ph O
x y
O
SPAEKBO
k k
 58 
 
Figure 30. Comparison of IEC vs. WU for BTZ series (9a-d) and literature comparisons 
of SPAEKBO series from Jinhuan, et al., 43 SDCPDS series from Wang, et al., 25 Nafion 
112 from Zawodzinski, et al., 46 and Pendent PAE series from Kern, et al. 35 
 Both pendent systems consistently showed either comparable or lower water 
uptake values than their backbone counterparts. High levels of water uptake could 
potentially lead to excessive dimensional swelling that can damage the membrane 
electrode assembly (MEA) and decrease fuel cell efficiency. 11 At similar IEC values, 9d 
had a 9% lower WU value than Nafion® In addition, the entire series, 9a-d, displayed a 
lower water uptake in comparison to Nafion®, a desirable property for their potential use 
in PEMFCs.  
 The thermal properties of the copolymers were evaluated via TGA and DSC 
(Figure 31). The TGA traces showed two thermal degradation steps, the first of which 
corresponds to the degradation of the sulfonic acid around 325 °C. The backbone 
degradation is seen as the second step in the TGA traces around 425 °C. The 5% weight 
loss percent was reported under nitrogen and air for 9a-d and 10a-d. In all cases, the acid 
forms were equally stable or more stable under air than nitrogen for 10a-d. 
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Figure 31. TGA curves of 9a-d and 10a-d in the acid form under air at a heating rate of 
10 °C/min. 
 
Figure 32. DSC overlay of polymers 9a-d and 10a-d in acid form under nitrogen at a 
heating rate of 10 °C/min. 
 A clear and consistent trend is observed in the DSC traces of the copolymers as 
the Tg increases with an increase of IEC.  With the addition of more sulfonic acid pendent 
groups, the ionic interactions are increased, limiting segmental motion, thus an increase 
in Tg is observed. These results are similar to the linear relationship between Tg and the 
degree of sulfonation for sulfonated polystyrenes that was previously reported by 
Wallace. 47 Within the acid forms of the copolymers, 9a and 10a, both containing 50% 
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acid content, had the highest Tg values of 239 °C and 210 °C, respectively. In all cases, 
the salt form of the copolymers displayed higher Tg values than their acid forms due to 
increased ionic attractions.  
 
Table 5. Thermal analysis (Tg, Td5% under N2 and air) data for copolymers. 
 
  
 The benzothiazole series, 9a-d, were cast into membranes using the same 
technique as described previously. Copolymers 9a-c produced good flexible films, 
however, under completely dry conditions, the films cracked under torsional stress.  Of 
the copolymers in the series, 9d, with an acid content of 20%, showed the most flexibility 
as a robust film. Even under extreme dry conditions, the film was creased without 
breaking, showing high physical strength. The acid forms of all polymers were prepared 
in the same manner as previously mentioned and dried prior to further analysis.  
 The benzoxazole copolymer 10a could be cast into a film. The film of 10a was 
flexible under completely hydrated conditions, however, the film cracked in drier 
conditions. Benzoxaole copolymers, 10b and 10c, with acid content from 40% and 30% 
were brittle and cracked either during or after removal from the casting plate. Copolymer 
10d, with an acid content of 20%, was the only copolymer of the series to remain intact 
N-Het Polymer Tg (°C) Td(5%) N2 (°C) Td(5%) Air (°C) 
salt acid salt acid acid 
BTZ 
9a 285 239 492 406 407 
9b 235 209 338 398 401 
9c 205 199 287 288 344 
9d 192 189 362 326 356 
BOX 
10a 217 210 453 450 382 
10b 210 202 385 343 369 
10c 191 171 288 287 291 
10d 179 160 390 294 296 
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when removed from a glass casting plate. Unfortunately, the film of 10d was not 
mechanically robust under drier conditions. 
3.4.4 Random copolymer, 11 
 In order to determine if an alternating structure was necessary, a more random 
system was also prepared, 11. A random copolymer with an IEC of 1.39 was synthesized 
using hydroquinone, 3-sulfonated-3’,5’-difluorodiphenyl sulfone, 8, and 2-(3,5-
difluorophenyl)benzothiazole, 1a. The monomer assembly in the random copolymer may 
have different effects on the glass transition behavior, thermal stability, water uptake, etc. 
It was anticipated that there would be observable differences in the random copolymer, 
11, in comparison to the perfectly alternating copolymer, 9a.  
 
Scheme 8. Synthesis of random copolymer, 11. 
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Figure 33. 13C DEPT 90 NMR comparison of random copolymer 11 (b) and perfectly 
alternating counterpart, 9a (a).  
 13C DEPT 90 NMR spectroscopy (Figure 33) was used to confirm the more 
random distribution of repeat units of 11. The peaks m and n are more resolved in the 
spectrum (a), due to completely alternating structure of the polymer. Because of the more 
random structure of 11 carbons m and n are less distinguished and appear as a broad 
signal in spectrum (a). The same overlap is seen with peaks p, r, a, and c. 
 Thermal analysis of the random copolymer, 11, revealed the stability was lower 
compared to 9a, with Td5% of 446 °C and 492 °C, respectively. A significant difference in 
the glass transition temperature (160 °C) compared to 9a (239 °C) was also observed. A 
study by Malenga et. al, showed a glass transition temperature dependence due to the 
composition of the monomer connections. 42 This difference is also seen our system. The 
reduced symmetry in the random copolymer system lowers the Tg, as expected. 
Membrane formation of 11 was not achieved. The film cracked during the drying 
process. Reduced mechanical robustness is seen with the random copolymer system. It is 
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concluded that observable differences are seen between 11 and 9a, leading to better 
mechanical properties and higher thermal stability in the perfect alternating systems.  
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4.  CONCLUSION 
 A series of homopolymers containing pendent benzothiazole or benzoxazole, 4a-f 
and 5a-f, respectively, N-heterocyclic species has been synthesized. The influences of 
structure on the thermal and physical properties of heterocyclic polymers were evaluated. 
With the exception of 5e, the thermal stability of both series is excellent, displaying Td5% 
values above 400 °C, which shows promise for long-term use without degradation. All 
homopolymers, with the exception of 4f, had Tg values above 120 °C allowing for their 
use as high-temperature PEMs. Homopolymers 4b and 4d were able to produce flexible 
films, leading to the potential for an analogous copolymer system to also display similar 
mechanical robustness. 
 A series of sPAE copolymers bearing truly pendent N-heterocyclic and sulfonated 
phenyl sulfonyl groups were successfully synthesized using a synthetic route that 
required a minimal number of steps. Copolymers, 9a-d, are viable candidates for PEMFC 
use. The copolymers were easily cast into membranes using a solvent casting method, 
and their thermal-oxidative stability was high under nitrogen and air atmospheres. They 
also displayed high Tg values allowing for high operational temperatures of the fuel cell.  
 Although copolymers 10a-c did not produce good films using this method, it 
might be possible to use a different casting method to produce a better film. 10d proved 
the potential for these polymers to produce good films, with the slight variation in casting 
method by using a glass slide and casting in the acid form.  WU (% wt.) values for 9a-d 
were directly related to IEC, as expected, and all copolymers were lower than that of 
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Nafion®. Copolymers 10a-e were too brittle to obtain WU values using the current 
method. Copolymer 10d had a WU value of 13%. Maintaining a low WU value with the 
increased IEC is a critical characteristic that makes these copolymers potential candidates 
for PEMFC applications. The influence of truly pendent sulfonated and pendent N-
heterocyle systems is apparent in the observation of quite low WU and excellent thermal 
stability making them competitive candidates for new PEMs. 
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5.  FUTURE WORK 
 It is evident that in order to fully evaluate these copolymer systems for their use in 
PEMs, proton conductivity data are needed.  Alternative methods for casting 10a-d 
should also be explored to produce films to obtain WU and conductivity data. Based on 
the film flexibility and robustness of 4b and 4d, a series of copolymers analogous to 9a-d 
and 10a-d using bisphenol AF (3b) and 4,4’-dihydroxydiphenyl ether (3d) should be 
synthesized to tune IEC, WU, and conductivity. In addition, all proton conductivity 
should be measured over a wide range of RH and temperatures, with special interest in 
the low humidity and high temperature conductivities of the N-heterocyclic and sulfonic 
acid copolymers. 
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